In this paper, a new formulation for computing ΔJ using the three-dimensional equivalent domain integral method for finite deformation elastic-plastic problem is presented. It is known that J-integral represents the energy release rate per unit crack extension and is useful for the fracture mechanics analysis of elastic-plastic materials. However, J-integral is only valid under the proportional loading condition in elastic-plastic problem. As a method applicable to the cyclic loading problem, ΔJ was proposed and shown that it is valid for evaluating low-cycle fatigue. ΔJ was initially proposed in experimental studies. Later, a contour integral approach for the evaluation of ΔJ was proposed and many numerical analyses have been conducted by engineers and researchers. However, path-independence of ΔJ was shown under the many assumptions and therefore is valid only for limited problems. In addition, the contour integral for ΔJ evaluation was proposed with assuming small deformation formulation, and it was not clear how it could be extended to the finite deformation problem. In this paper, we present a new formulation for the computation of ΔJ using the three-dimensional equivalent domain integral method. This formulation is based on the three-dimensional J-integral formulation for arbitrary load history and finite deformation that was proposed by the authors. It is shown in this paper that proposed ΔJ evaluation method for finite deformation elastic-plastic problems holds the path-independent property in small/finite deformation under any load histories. Finally, small and finite deformation cyclic elastic-plastic analyses using the finite element method are presented. They show that the present method always holds the path-independent property and can be applied to cyclic elastic-plastic fracture problems. A new formulation of J-integral range ∆J using three-dimensional equivalent domain integral for finite deformation elastic-plastic problem Arai, Okada and Yusa, Transactions of the JSME (in Japanese), Vol.84, No.867 (2018) 
，Wüthrich , Tanaka )によって示されている．図 3 に示すようなき裂進展方向を x1 とする二次元問題を考 える場合，微小変形の仮定の下，ΔJ はき裂前縁を囲む微小な経路Γ ε に対する線積分として次式で表される． Fig. 1 Areas under the load-displacement curves used in the expressions for ΔJ. (a) Area U1 used in Equation (1), and (b) area Un used in Equation (2). These areas are calculated from load -displacement curves obtained through experimental or numerical analysis results. In the 1 st load cycle, U1 is the area under the load -displacement curve from the reference point k to the evaluation point l. Here, the reference point k is initial state. Similarly, in the n th load cycle, Un is the area under the load -displacement curve from the reference point k to the evaluation point l. Here, the reference point k is the lowest load point, or if crack closure is occurred, k is the crack opening point.
(a)1 st load cycle (b) n th load cycle (n≥2) Fig. 2 The dimensions of compact tension specimen used in Equation (1) -(3). Fig. 3 The integral path Γ, Γε and area A and Aε in 2D problem. These path and area included in the problem domain Aentire. Here, Γt and Γu are the boundaries with prescribed external force and displacements. Aε is the infinitesimal area surrounding the crack tip and its radius is ε → 0, Γε is the contour surrounding Aε. And A is an arbitrary area surrounding the crack tip and Γ is the contour surrounding A. In Equation (8), contour integral of ΔJ is computed by an arbitrary integral path Γ. 
ここで Fji は変形勾配テンソルである． 上記の仮定が成り立つ場合， 式(14)の右辺第二項の被積分関数は"0"となり， 右辺第一項のみが残る．これは従来の領域積分法を用いた J 積分 と同じである．
Definitions of various volumes, areas, and boundaries and virtual crack extension. (a) A small disk-like domain whose thickness is infinitesimally small. Equation (11) (14). (a)Equivalent von mises stress at the maximum tensile load (b)Equivalent plastic strain at the maximum tensile load Fig. 15 The results of finite element analysis for small deformation cyclic elastic-plastic problem. Kinematic hardening law was assumed. The deformation and the distribution of equivalent von Mises stress and equivalent plastic strain at the maximum tensile load in the 3 rd load cycle. (1), (10) and (20) using the result of small deformation elastic-plastic finite element analysis considering (a) isotropic hardening or (b) kinematic hardening. Here, the reference point k is set to be the initial state and the evaluation point l is set to be the maximum load point in the 1 st load cycle. In the case that the reference point is initial state, ΔJ is equal to J-integral. These values are normalized by yield stress σy = 300 MPa, Young's modulus E=203 GPa and crack length a = 30 mm. These results show that equation (10) and equation (20) give almost the same value and do not depend on the size of integral domain. This result means that equation (10) and equation (20) are path independent in the 1 st load cycle. And J-integral computed by equation (1) is close to J-integral computed by equation (10) and equation (20). These results are valid in both the cases of isotropic hardening and kinematic hardening. (2), (10) and (20) using the result of small deformation elastic-plastic finite element analysis considering (a) isotropic hardening or (b) kinematic hardening. Here, the reference point k is set to be the minimum load point and the evaluation point l is set to be the maximum load point in the 2 nd load cycle. These values are normalized by (σ y 2 a E ⁄ ) as same as Fig. 15 . These results show that ΔJ values with equation (10) depend on the size of integral domain. However, the results with equation (20) do not depend on the size of integral domain. And ΔJ computed by equation (2) is close to ΔJ computed by equation (10) (2), (10) and (20) using the result of small deformation elastic-plastic finite element analysis considering (a) isotropic hardening or (b) kinematic hardening. Here, the reference point k is set to be the minimum load point and the evaluation point l is set to be the maximum load point in the 3 rd load cycle. These values are normalized by (σ y 2 a E ⁄ ) as same as Fig. 15 . These results show that ΔJ values with equation (10) depend on the size of integral domain. However, the results with equation (20) do not depend on the size of integral domain. And ΔJ computed by equation (2) is close to ΔJ computed by equation (10) and equation (20). In particular, ΔJ computed by equation (20) is very close to ΔJ computed by equation (2) at the center of crack front. These results are valid in both cases of isotropic hardening and kinematic hardening. (1), (18) and (19) using the result of finite deformation elastic-plastic finite element analysis considering (a) isotropic hardening or (b) kinematic hardening. Here, the reference point k is set to be the initial state and the evaluation point l is set to be the maximum load point in the 1 st load cycle. In the case that the reference point is initial state, ΔJ is equal to J-integral. These values are normalized by yield stress σy = 300 MPa, Young's modulus E=203 GPa and crack length a = 30 mm. These results show that J-integral evaluated by equation (19) depends on the size of integral domain. However, the result of equation (18) does not depend on the size of integral domain. Therefore, equation (19) is not valid and loses the path independent property. And J-integral computed by equation (1) is close to J-integral computed by equation (18) and equation (19) . In particular, J-integral computed by equation (18) is very close to J-integral computed by equation (1) at the center of crack front. These results are valid in both the cases of isotropic hardening and kinematic hardening. (2), (18) and (19) using the result of finite deformation elastic-plastic finite element analysis considering (a) isotropic hardening or (b) kinematic hardening. Here, the reference point k is set to be the minimum load point and the evaluation point l is set to be the maximum load point in the 2 nd load cycle. These values are normalized same as Fig. 20 . ΔJ computed by Equation (19) depends on the size of integral domain. However, the results of equation (18) do not depend on the size of integral domain. In the case of (a) isotropic hardening, ΔJ computed by equation (2) is close to ΔJ computed by equation (19) at the center of crack front and the one computed by equation (18) is lower than equation (2). On the other hand, in the case of (b) kinematic hardening, ΔJ computed by equation (2) is very close to ΔJ computed by equation (18) (2), (18) and (19) using the result of finite deformation elastic-plastic finite element analysis considering (a) isotropic hardening or (b) kinematic hardening. Here, the reference point is set to be the minimum load point k and the evaluation point l is set to be the maximum load point. These values are normalized same as Fig. 20 . Equation (19) depends on the size of integral domain. However, equation (18) always does not depend on the size of integral domain. In the case of (a) isotropic hardening, ΔJ computed by equation (2) is close to ΔJ computed by equation (19) at the center of crack front and the one computed by equation (18) is lower than equation (2). On the other hand, in the case of (b) kinematic hardening, ΔJ computed by equation (2) is very close to ΔJ computed by equation (18) at the center of crack front and ΔJ computed by equation (19) is higher than equation (2). This result shows that the relation between the equation (2) and (18) does not hold depending on the hardening law.
